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responsibility of CAbstract Previous results on the effect of surface structures, including intrinsic microstructural
modiﬁcation and extrinsic coating, on the plastic strain in tension, compression and bending were
summarized. Sample conﬁnement and residual stresses produced by various techniques such as shot
peening and laser surface melting on the delay/retardation of shear band initiation and propagation
were discussed. In the case of surface coatings, ductile monolayer and bilayers coatings were
deposited on metallic glasses and tested, and the bilayers always exhibited better performance,
suggesting that a graded structure was always beneﬁcial. In this overview, the theoretical basis for
multi-staged deformation of shear banding under compression and the physical origins for shear-
band instability were also discussed for the beneﬁt to develop an effective coating on metallic
glasses for plasticity improvement.
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Bulk metallic glasses (BMGs) constitute a new class of materials,
which have many unusual properties, such as extremely high
strength (typically, over 2 GPa), large elastic limits (2%), and
excellent thermoplastic formability. However, metallic glasses are
also notorious for being extremely brittle, failing in a catastrophic
manner, as a result of highly localized shear banding [1]. Intensive
efforts have been made with a hope to alter the deformation mode
from inhomogeneous, or localized shear banding, to homogeneous
deformation [2–4]. The main approach is to produce a composite
structure and relying on the crystalline second phases to either
block/arrest shear band propagation or enable work-hardening to
prevent plastic instability [5,6].
There are several recent publications reporting the observa-
tion of ductility/plasticity improvement or toughness enhance-
ment in metallic glasses by surface modiﬁcations or coatings.
The observations were made under different testing condi-
tions, including uniaxial tension [7] and compression [8], and
bending [9,10]. The physical origin for the observed ductility
improvement is however still unclear at the present time. In
the following, we will ﬁrst summarize these observations and
then present an overview of the underpinned physical mechan-
ism. For clarity, we classify these results into three categories:
extrinsically constrained, surface modiﬁcation, and coatings.1.1. Extrinsically constrained deformation
In this case, an extrinsic condition is intentionally imposed to
prevent catastrophic failure, or sample shear-off by suddenFig. 1 (Left) Micrograph shows Zr41.2Ti13.8Cu12.5Ni10Be22.5 (Vit 1) an
Compressive engineering stress–strain curves of the two materials (curve A
apparent plasticity enhancement. Curve B is for the BMG loosely wrapp
curve for sample A deformed to a 5% plastic strain. Inset II is the convshear band propagation. For example, when the aspect ratio
of a compressive metallic–glass sample is less than unity, shear
bands, which usually form approximately 451 with respect to
the stress axis, cannot propagate through the entire sample, as
illustrated in Fig. 1. This has been demonstrated previously
[11,12]. This principle was successfully applied by Courtney
and Leng [13,14] and Embury and Alpas [15] at as early as
1980s. These authors initially prepared crystalline/amorphous
sandwiched structures (or laminates) by the solid-state bond-
ing method and, then, showed that the crystalline layer could
effectively prevent sudden failure of the test sample in tension.
Recently, Yu et al. [16] encapsulated a brittle Zr-BMG in a
0.5 mm-thick Cu jacket and demonstrated the enhancement of
‘‘apparent’’ compressive plasticity, as shown in Fig. 1. Li et al.
[17] also showed improved tensile plasticity in samples made
of Fe-BMG ribbon sandwiched between two Ni layers. In
these cases, the (constrained) crystalline and the amorphous
layers are noted to have a similar thickness, thereby similar
volume fraction. From a composite point of view, the crystal-
line and amorphous phases are anticipated to have similar
contributions during plastic deformation. Fracture of the
composite is no longer determined by the amorphous
phase alone.1.2. Intrinsic surface modiﬁcation
It is well known that mechanical properties of crystalline
solids can be improved by proper introduction of compressive
surface stresses [18,19]. For example, a compressive residual
stress at sample surface can suppress the cracking and, thus,d Vit1 encapsulated in a Cu jacket samples before testing. (Right)
is from the Cu-jacketed sample) at a strain rate of 5 104 s1 show
ed with a Cu foil. Inset I is the magniﬁed portion of the stress–strain
erted true stress–strain curve for sample A. (from Yu et al. [16]).
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produces a hardened surface because work hardening. By
contrast, shot peening induces shear band formation on and
near the surface of metallic glasses. As a result of shear
softening, shot peening, in fact, produces a soft surface layer
(80 mm), as reported by Zhang et al. [8]. Despite a soft
surface, a peened metallic glass exhibited enhanced plasticity
in compression. Scanning electron micrographs showed that
shear bands were usually sporadic in the as-cast sample, but
became uniformly distributed in a peened sample. Zhang et al.
argued that the difference was originated from a compressive
surface produced by the peening. However, subsequent studies
using nanoindentation technique [20,21] showed that a peened
surface actually contained a tensile residual stress and was
soft. Raghavan et al. [22] recently also observed a soft layer
(30 mm) on peened surface and, consequently, a reduced
fatigue resistance in the peened samples. Their result is
apparently consistent with the notion that a peened surface
contains tensile residual stresses, thus accelerates crack for-
mation. It is possible that surface softening would induce
microcracks during fatigue testing, resulting in lower fatigue
resistance. On the other hand, surface softening would
enhance shear band nucleation during compressive testing,
resulting in ductility improvement. The two cases may be
different.
It is necessary to note that uniform distribution of shear
bands in a peened sample suggests that peening has produced
a material containing also uniform distribution of shear-band
nuclei. Since peening essentially affects only the surface layer,
it is then reasonable to assume that shear bands nucleate in the
vicinity of the surface. As discussed before, peening produces a
surface layer consisting of tensile residual stresses and causes
structural dilation. Both strongly bonded–loosely bonded
theory [23] and stress-induced glass transition theory [24]
would predict that a dilated region has a lower yield stress
for plastic ﬂow. In fact, it has been demonstrated [25] that the
stress at the onset of yielding reduces when a metallic glass
contains a residual tensile stress, but increases when it containsFig. 2 The maximum pressure (corresponds to the onset of
yielding) under a spherical indenter in Zr52.5Al10Ti5Cu17.9Ni14.6
(BAM-11) with different residual stresses. The data clearly
indicate that yielding is easier in region with a residual tensile
stress than that with a residual compressive stress. (from Wang
et al. [25]).a residual compressive stress, as shown in Fig. 2. For a peened
metallic glass, therefore, shear bands are expected to initiate
from the soft surface layer and propagate inward to the hard
core. The propagation process would be difﬁcult to sustain
because it requires additional energy and this gives chances for
additional shear band nucleation on the peened surface, thus
enhances plasticity. An example of lowering yield strength to
promote multiple shear band formation can also be found in
cold-rolled metallic glasses. Several reports have indicated that
a cold-rolled BMG sample exhibits enhanced plasticity [7,26].
Differing from that in a peened sample, in a cold-rolled
sample, the entire sample is dilated and becomes soft [27]. In
such case, shear bands can, in principle, initiate and propagate
without reaching the intrinsic fracture strength of the MG,
thereby promoting global plasticity.
Along a similar line, Fan et al. [28,29] applied a surface
mechanical attrition technique (SMAT) to modify the surface
of a BMG to produce a graded surface structure—an outer
partially crystallized layer gradually changes to an inner glass
matrix. The dispersed crystallites have a grain size range from
0 to about 500 nm, as indicated in Fig. 3. The graded material
exhibited a similar strength as the as-cast sample, but showed
a compressive plastic strain of about 3.7%, improved from
about 1% for the untreated sample. The authors attributed the
improved plasticity to the suppressive effect of sub-forming
crystallites and residual stress on the shear bands/cracks
development.
Another method to induce surface residual stresses in a
BMG sample is by laser treatments. Chen et al. [30] employed
laser to remelt and resolidify a BMG surface to induce residual
stresses into the sample and observed improved bend strength.
Although the stress state in the bent sample was relatively
complicated, it somewhat demonstrated the beneﬁcial effect of
having residual stresses on a BMG surface. The same group
[31] further produced CuZr-based MG samples with a graded
crystalline–amorphous surface structure (100 mm in thick-
ness) using laser and tested in compression. This laser-treated
sample exhibited a ﬁve-fold improvement in plastic strain
prior to fracture over the untreated sample. Apparently, the
graded surface layer (less than 20% of the sample volume) acts
as a buffer zone to effectively dissipate the energy of a
propagating shear band (either initiated from the amorphous
surface or amorphous core) and prevent catastrophic sample
shear-off. It is mechanistically similar to the case of
Cu-encapsulation [16]. However, mechanistic analysis of the
graded layer, which contains an amorphous–crystalline com-
posite structure, is quite challenging.1.3. Coatings on BMG
Coating herein refers to a deposited surface layer that is much
thinner that the characteristic dimension of the bulk sample.
Chen and his group [32] employed electrodeposition to coat
metallic glasses and studied the effect of surface coating on the
compressive plasticity of metallic glasses. An 88 mm-thick pure
Cu coating was deposited on a Zr-based MG (Zr57Al10Ni8-
Cu20Ti5, 3 mm in diameter) and the authors observed that the
fracture strain improved from 2% for the uncoated sample to
20% for the coated one. The drastic increase in plasticity was
suggested to result from the changes of the friction between
compressive punch and the ends of compressive specimen,
Fig. 3 (Left) Microstructure of a Ti-based MG (Ti40Zr25Ni3Cu12Be20) undergone a surface mechanical attrition treatment (SMAT) to
induce surface crystallization and eventually results in a graded crystalline/amorphous structure. The graded surface leads to a signiﬁcant
plasticity improvement. (from Fan et al. [29]).
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deformation-induced heterogeneous microstructure. The improved
plasticity by inserting a soft layer between compressive punch and
the compressive specimen is somewhat anticipated, since the soft
layer can effectively redistribute and reduce the stress intensity
occurring at the corner of compressive punch and the compressive
specimen. This promotes the formation of immature (stable) shear
bands prior to the formation of the major shear plane and,
consequently, improves plasticity. Nonetheless, the fracture mode
remains unchanged; speciﬁcally, both fail in single shear. Similar
improvement was also observed in a Fe-BMG deposited with
57.7 mm-thick Ni, and fracture strain enhanced from 0.5% to 5%.
Again, the authors argued shear-band propagation was con-
strained by the coating, and the coating-matrix interface acted
as heterogeneous site for the initiation of multiple shear bands.
Most recently, the same group [9] deposited a bilayered coating,
i.e., Cu/Ni (24/54 nm) on Zr57Al10Ni8Cu20Ti5 and observed
additional improvement in global strain to 11%, as compared
to single-layered Cu (4%) and Ni (7%), as shown in Fig. 4. It is
interesting to note that the beneﬁcial effect of the two surface
layers appears to be additive (i.e, 4%þ7%¼11%). Also, the
incremental improvement in plasticity observed by altering a single
to bilayered coating is mechanistically somewhat similar to the
situation of having a graded coating structure.
Along a similar line, Qiu and Yao [33] also used an
electrodeposition method to coat 21 and 80 mm-thick Cu on
Vit1 BMG (1.8 mm in thickness), and observed the fracture
strain increases from 0.6 for uncoated sample and 1.8 and
2.2% for the 21 and 80 mm-thick coated samples, respectively.
The authors argued that the Cu coatings inhibited the rapid
propagation of primary shear bands, and promoted the
secondary shear bands, which eventually resulted in a large
plastic strain. In other words, the authors assumed that shear
bands initiated from inside the sample, propagated toward the
surface, was arrested by the coating either via plastic deforma-
tion of the soft Cu layer or opening-up of the Cu-BMG
interface. This conclusion is generally consistent with those
observed from surface defects (scratches or notches) of BMGsreported previously [34,35]. In either way, it is not clear how
this can trigger the formation of secondary shear bands. The
formation of multiple shear bands induced by whatever
microstructural heterogeneity has been often becoming an
acceptable but essentially a blank statement for the observa-
tion of improved plasticity. However, it is a result rather than
the physical cause of improved plasticity. An atomic-scale
mechanism correlating the interface with shear band forma-
tion is needed for understanding the cause.
It is particularly noted that, most recently, Chu et al. [10]
conducted bending tests of BMG samples coated with various
thin ﬁlms and observed improved bend ductility. They found
that the BMG sample coated with a MG/Ti bilayer (200 nm/
25 nm), even though it is so thin, exhibits a drastic improve-
ment in bending ductility (surface strain) from 0% for
uncoated BMG to 13.7%, as shown in Fig. 5. In comparison,
the monolithic 200 nm-thick Ti-coated BMGs and 200 nm-
thick MG-coated BMGs only gives a 1% bend strain. The
authors argued that the bilayer coatings, deposited on the
tensile side of the BMGs, partially absorb the deformation
energy, decrease the number of shear band initiating sites due
to ﬂaws on the uncovered BMG surface, and allow the
formation of a high density of more homogeneously distrib-
uted shear bands. It is unclear how such a thin ﬁlm (100 nm)
can drastically change the surface stress state. The result is
also hard to reconcile with that of Liu et al. [34] who have
shown that surface scratch has insigniﬁcant effect on the
plastic deformation and stress–strain curves. However, stress
distribution in a bent sample is more complex than that in a
uniaxial one, as stress varies from tension to compression
through a neutral axis, and fracture criterion is hard to
determine.2. Discussion
Shear banding is a kinetic process consisting of nucleation and
propagation. To delay the fracture process, or improve
Fig. 4 (Left) A Zr57Al10Ni8Cu20Ti5 coated with a Cu/Ni (24/54 nm) bilayer. (Right) Compressive stress–strain curves of different
samples: (a) As-cast Zr57Al10Ni8Cu20Ti5; (b) Cu coated (80 mm); (c) Ni coated (77 mm); and (d) Cu/Ni coated. Improved plasticity is
observed in coated samples, in particular the bilayer-coated (from Chen et al. [9]).
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requires a clear understanding of the instability events
involved in shear-band nucleation and propagation. In the
case of surface modiﬁcation, shear band initiation or the onset
of yielding is affected by the presence of residual stresses [25];
in region with a tensile residual stress, the yield stress would be
lower and vice versa. In a coated MG, the MG/coating
interface is expected to be a preferred SB nucleation site in
compression due to a stress mismatch. This would lower the
effective stress necessary for SB initiation.
2.1. Multi-staged deformation of shear banding under
compression
Conventional and micro-scale compression experiments
clearly demonstrated a stick-slip typed shear-band propaga-
tion in MGs [36–38], which entails at least a three-stage
deformation mechanism, i.e. (Stage 1) the nucleation of a
shear band, (Stage 2) the establishment of a shear plane, and
(Stage 3) viscous sliding along the already established shear
plane, as shown in Fig. 6. Atomistic simulations [39] further
reveal that shear-banding at Stage 2 is a progressive-shearing
process at a speed (wave speed of the shearing front) gradually
approaching the sound speed (also a glass rejuvenation
process with an insigniﬁcant temperature rise and plastic work
dissipation), whereas shear-banding at Stage 3 is a simulta-
neous shearing process with a speed (sliding speed of material
particles across the shear plane) much lower than that in the
second stage. These simulation results are generally consistentwith the results of acoustic emission (AE) experiments [40] and
direct measurements [41]. Here it should be noted that the
simulation of Shimizu et al. [42] proposed a somewhat
different physical picture from that in Cao’s work [39].
According to the authors, temperature could be raised up to
the glass transition point at the ﬁrst stage of shear-banding.
However, it contradicts to the conclusion from several groups
[43–45] that temperature rise is a consequence rather than a
cause of shear-band nucleation. Furthermore, it is worth
pointing out that due to the dimensional mismatch between
elastic energy dissipation (2-D) and release (3-D) [46–52],
plasticity in metallic glasses can display a general size effect
under compression, i.e. the smaller is a MG sample or the
stiffer is a loading frame, the more stable and slower is the
process of simultaneous shear. Without any surface treat-
ments, it has already been shown that MGs can also become
‘ductile’ via size reduction or loading frame stiffening [46–51].
In terms of stress state, shear-banding process in tension
appears to be different from that in compression. There are
several pieces of evidence supporting the shear process is
pressure-dependent [53,54]. Thus, the normal stress on the
shear plane is expected to accelerate the shear process in
tension, but suppress it in compression. In addition, a uniaxial
applied tensile stress can produce triaxial stresses during shear
banding which tends to promote void formation and growth
within a shear-banding region, leading to premature shear
failure before stable viscous gliding occurs (in a way similar to
shear cracking). In fact, this view has been often adopted to
explain the size effect on nano-scale tension tests of MGs [4].
Fig. 6 The schematics of the multi-staged shear-banding mechanism in BMG under a compressive loading.
Fig. 5 (a) Bending stress–surface strain curves for uncoated and coated BMG samples, together with 316 L stainless steel for
comparison. (b and c) are the photographs of uncoated and MG/Ti bilayer-coated BMG samples, respectively, after bending to failure.
The bilayer-coated sample is much more superior to the monolayer-coated samples (from Chu et al. [10]).
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Before addressing the coating effect, it is informative to
discuss the physical origin of shear band instability. At the
stage of shear-band nucleation (Stage 1), instability occurs as a
shear-band embryo reaches a critical state (the critical state
could be characterized by size or strain rate). If taking the view
of a critical shear-band embryo size, one treats shear-bandnucleation stability as a process of fracture instability (mode II
crack); if taking the view of a critical strain rate, one treats
shear-band nucleation instability as a resemblance of liquid
instability (similar to shear avalanche in granular matters). In
the approach of Johnson and Samwer [55], shear-band
nucleation is viewed as a consequence of an evolving free-
energy landscape (an energy-landscape approach). When the
point of an energy basin is raised through stressing to merge
Effect of surface modiﬁcations on shear banding and plasticity in metallic glasses: An overview 361into the nearest adjacent saddle point, structural catastrophe
occurs, which subsequently results in shear banding. Johnson
and Samwer further assumed that this catastrophe process is
governed by only one parameter (the mechanical strain).
Mathematically, this is equivalent to say that shear-band
nucleation is a fold catastrophe. This allows them to con-
veniently use a simple equation to formulate the change in
the activation energy with an external stress. Despite that
shear-band nucleation is important to initiate a plastic ﬂow,
however, it is unclear whether it can play a decisive role in
compression tests, as shear offsets only form at Stage 3 of
shear banding (Fig. 6).
In the third stage of shear banding (simultaneous shear), the
dynamics of instability is drastically different from the
previous one (progressive shear). In compression tests, several
experimental evidences seem to support the idea that it is a
process of frictional rather than fracture instability [51,56].
Through the energy balance principle, Yang and Liu [56] were
able to formulate a criterion for the critical point at which
shear bands lose their stability of propagation. However, it is
physically unclear how shear banding transits from stable
to unstable propagation. To study the nonlinear frictional
dynamics, the major hurdle is the lack of the constitutive
relation of stress versus strain (and possibly strain rate as well)
on a shear band. The development of the constitutive relation
is currently an urgent need in this ﬁeld.2.3. Coating effect in compression
Now, let us discuss the coating effect. In compression, shear
bands can propagate in a stable manner, as manifested as ﬂow
serration, provided the test conditions are properly selected
(e.g., loading frame stiffness and sample size). A coating can
enhance the malleability of MGs, which is essentially stabiliz-
ing shear-banding in compression. The stabilization of shear
banding may result from several possible scenarios. First, the
interface can facilitate shear band initiation through stress
concentration. In other words, the apparent yield strength
would be lower and shear bands are formed at the interface
and propagate inward. These propagating shear bands would
be stable. Energetically, however, it may be unfeasible, since
the energy required to propagate the shear band inward seems
to be higher than that plastically deforming the ductile thin
coating or tear the coating-BMG interface.
On the other hand, when shear bands are formed inside a
sample and propagates outward, the coating may act as
physical constraint to consume the kinetic energy of the
propagating shear band by diverting or arresting the propa-
gating shear band. In such a case, shear band diversion is
along the interface and arrest is through plastic deformation
of the coating. The efﬁcacy of the coating would obviously
depend upon the coating thickness. In an extreme, thick
coatings can effectively stop shear banding, as discussed
earlier [13,14]. In the case of thin coating, a larger shear offset
would be necessary to reach the point of propagation
instability of shear bands in a coated sample. The coating
effect is then deterministic.
Another possible coating effect is the shielding of a MG
sample from a large stress drop or a velocity jump when static
friction just transforms to dynamic friction upon the initiation
of simultaneous shear, so that frictional instability can bedelayed. Should it be the case, frictional instability can be
studied through the characterization of ﬂow serration pattern
using in situ combined high-speed camera/acoustic emission
technique and as such, coating a MG sample is effective only
in a statistical sense.
2.4. Coating effect in tension
There is no available data indicating the beneﬁcial effect of
coating in tension. However, it is a general knowledge that the
yielding of monolithic BMG is asymmetrical, namely, the onset
of yielding is lower in tension than that in compression [53,54].
Compared to that in compression, a tensile BMG sample is
susceptible to catastrophic shear off, since it is unconstrained
[57]. Furthermore, if shear-banding in tension is accompanied
by void formation and growth, it would be difﬁcult to envision a
tensile plasticity from a brittle MG sample coated with a thin
protecting layer, since failure would initiate inside. However, if
the thickness of the ductile coating is comparable to the
characteristic dimension of the MG sample itself, then we would
no longer deal with a MG-based material [13,14]. In this case,
coating has little meaning to the MG sample.3. Remarks and perspectives
Many studies have previously reported an improvement of
plasticity using proper surface modiﬁcations in bulk metallic
glasses deformed under various conditions, such as tension,
compression and bending. These studies consistently showed
the beneﬁcial effects of having a surface modiﬁcation/coating.
However, except for a few cases, in which residual tensile
stresses were clearly identiﬁed on surface, thereby the effective
stress for the onset of yielding is lowered, the physically
underpinned mechanisms for the majority of cases are poorly
understood and can only be speculated. Many structural
variables arising from coatings, e.g., the intrinsic properties
of coatings, coating thickness, interfacial bonding between
the coating and BMG matrix, and surface stress states are
anticipated to affect the shear band nucleation and propaga-
tion processes. It is necessary to conduct a systematical study
in order to correlate these variables and shed lights on the
physical underpinned mechanism for shear banding in a BMG
system. This would further allow the development of the
constitutive equation to describe the plasticity improvement
and, ultimately, the optimization of coatings. Finally, we want
to note that it is speculative whether coatings can improve
tensile ductility since BMG is susceptible to catastrophic
shear-off. Currently, there is still no available data indicating
the effect of coating on tensile ductility.
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